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A  versatile  layer-by-layer  (LbL)  procedure  for the preparation  of highly  dispersed,  adherent  and  porous
multilayer  ﬁlms  of  TiO2 nanoparticles  (NPs)  and phosphotungstic  acid  (HPW)  on  a variety  of  substrates
at  room  temperature  was  developed  based  on  the  use of  cellulose  phosphate  (CP)  as  an  efﬁcient  and  non-
conventional  polyelectrolyte.  UV/vis  absorption  spectroscopy  conﬁrmed  the  linear  and  regular  growth  of
the  ﬁlms  with  the  number  of  immersion  cycles  and  a strong  adsorption  ability  of CP towards  TiO2 NPs.  FTIR
spectroscopy  showed  that  HPW  binds  to  the  surface  of  TiO2 through  the  oxygen  atom  at  the  corner  of the
Keggin  structure.  XPS results  showed  that  the interaction  between  TiO2 and  CP  is through  Ti–O–P  linkage.
A  model  is  proposed  for  the  TiO2–HPW  interaction  based  on  XPS  and  FTIR  results.  FEG/SEM  study  of  the
surface  morphology  revealed  a porous  ﬁlm  structure  with  a homogenous  distribution  of the TiO2 NPs
induced  by  CP. HRTEM  studies  showed  that  the  resulting  composite  ﬁlms  consist  of crystalline  anatase
and  rutile  phases  and  poly-nano-crystalline  HPW  with  a semi-crystalline  TiO2–HPW  interface.  Thesehotochromism CP/TiO2 and CP/TiO2/HPW  LbL ﬁlms  showed  good  photoactivity  against  both  saturated  and  unsaturated
species,  for  instance,  stearic  acid (SA),  crystal  violet  (CV) and  methylene  blue  (MB)  under  UV  irradiation.
The  CP/HPW  ﬁlms  formed  on bacterial  cellulose  (BC)  showed  good  photochromic  response  which  is
enhanced  in  presence  of  TiO2 due  to an  interfacial  electron  transfer  from  TiO2 to HPW.  This  simple  and
environmentally  safe  method  can  be used  to form  coatings  on  a variety  of  surfaces  with  photoactive  TiO2
and  TiO2/HPW  ﬁlms.
. Introduction
TiO2 is a wide band-gap semiconductor with extensive use in
ollutants remediation as a photocatalyst [1] and other applica-
ions such as self-cleaning devices [2], superhydrophilic coatings
3], nanoparticles-coated facemasks to protect against infectious
gents [4] and antibacterial coatings on medical devices [5].
nother important use of TiO2 layers is in energy generation;
wo energy generation devices based on TiO2 have attracted the
ttention: (a) dye sensitized photovoltaic devices [6] and (b) bio-
hoto-fuel cells based on biomass degradation [7].
Most of these applications demand the formation of uniform
nd porous TiO2 layers. Therefore, the study of methodologies to
∗ Corresponding author. Tel.: +55 1633739439; fax: +55 1633739982.
E-mail addresses: uprf@iqsc.usp.br, biraprﬁlho@yahoo.fr (U.P. Rodrigues-Filho).
169-4332/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2013.04.011© 2013 Elsevier B.V. All rights reserved.
form homogenous layers of TiO2 on different substrates under soft
conditions is of great interest. The aim of this work was to study
the viability of the use of LbL approach [8] as a soft and affordable
procedure to form the mixed anatase/rutile NPs thin ﬁlms on a vari-
ety of substrates using CP as a promising polyelectrolyte. Though
the LbL method has the advantages of simplicity, ﬂexibility, low-
cost instrumentation and low temperature deposition, it usually
requires modiﬁcation of the substrate’s surface to improve adher-
ence of NPs and a longer ﬁlm deposition time since the amount
of the NPs adsorption per deposition cycle is usually low. To over-
come the problem of low adsorption, we need a polyelectrolyte
or some molecular binder to bind TiO2 NPs together and at the
same time to the substrate on which the ﬁlm is grown. Many
binders, both molecular and polymeric, have been used for this
purpose such as poly(diallyldimethylammonium chloride), PDDAC
[9], poly(acrylic acid), PAA [10], titanium (IV) bis(ammonium lac-
tato) dihydroxide, TALH [11] and phytic acid, PA [12]. However,
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he use of most of these polyelectrolytes either requires a strict
H-control of both polyelectrolyte solution and nanoparticles sus-
ension or lack universality with respect to the type of substrates
eing used. For example, PDDAC, a cationic polyelectrolyte, can
e used to form (PDDAC/TiO2)n LbL ﬁlms on quartz by adjust-
ng pH of PDDAC solution to 6.4 and TiO2 dispersed in a pH 10
arbonate–hydrogencarbonate buffer solution [9]. Similarly, poly
acrylic acid) (PAA), a weak anionic polyelectrolyte has been used
o form LbL ﬁlms of TiO2 on cellulose acetate nanoﬁbers but again
uch deposition require pH-adjustment of both PAA and TiO2 to
.5 [10]. Kim et al. observed that the thickness and roughness of
TiO2/TALH)n LbL ﬁlms were highly sensitive to a change in pH of
ALH [11]. Phytate, an inositol poly-phosphate, has also been used
s a molecular binder to build nanostructured TiO2 ﬁlms by LbL
ethod on ITO [12] and thiol-modiﬁed gold electrodes at pH 3 [13].
owever, the use of phytate as a binder lacks universality. Thus a
est binder is one which reduces the deposition time and/or num-
er of steps involved and can be applied on a variety of substrates. In
his study, the polyelectrolyte chosen was CP, a phosphoric ester of
ellulose which can act as chelate [14] toward transition metals in
 similar fashion as phytate [15]. However, unlike phytate, the use
f aqueous suspension of CP does not require any pH-adjustment
nd rapid deposition of TiO2 NPs occurs into ﬁlms formed on CP-
odiﬁed substrates. Moreover, cellulose is a polymer, so it can fold
ll over the nanoparticles improving their dispersion on different
ubstrates. We  are going to demonstrate the ability of CP as a bind-
ng and dispersing agent for mounting photoactive TiO2 LbL ﬁlms
n glass, quartz, silicon and bacterial cellulose. Furthermore, poly-
xometalates such as HPW ﬁnd wide application in preparation of
hotochromic and photocatalytic materials [16–18]. They accept
lectrons without signiﬁcant structural changes to yield mixed
alence coloured species (heteropolyblues or heteropolybrowns)
seful for photochromic application while the generation of OH
adical from the reaction of the excited catalyst (HPW) with H2O
pon UV illumination make them important photocatalyst [19,20].
ince, the combined use of HPW and TiO2 is advocated to improve
he quantum yield of the TiO2 photoactivity [21] and photochromic
esponse of HPW [22–24], based on the fact that the transfer of
lectron form the conduction band of TiO2 to HPW is thermody-
amically favourable [21], which on one hand can decrease the
lectron–hole (e−–h+) recombination in TiO2 and on the other hand
an assist in the photoreduction of HPW. Thus photochromism
nd photoactivity of TiO2/HPW system has close connection. Here,
e also report the formation of nanocomposite LbL ﬁlms of HPW
nd TiO2, (CP/TiO2)n/HPW, with photocatalytic and photochromic
roperties using CP as binder. The method for the preparation of
uch multilayers nanocomposite ﬁlms based on the use of CP as a
inder offers the greater advantages of generality, versatility and
racticality since it can be used to form multilayer ﬁlms of the
esired thickness on almost all substrates in a very short time and
nvolves the use of more environmentally safe reagents.
. Materials and methods
.1. Chemicals
Phosphotungstic acid hydrate (H3PW12O40·nH2O), cellulose
hosphate (ﬁne mesh), and Titanium dioxide (10% (wt/vol.) dis-
ersion in water) were purchased from Sigma–Aldrich (USA)
nd used without any modiﬁcation or puriﬁcation. Crystal vio-
et (C25N3H30Cl) was supplied by QHEMIS (SP, Brazil) and stearic
cid (SA) was obtained from Labsynth (SP, Brazil). Bacterial cel-
ulose (BC) membranes were from BioFill (Curitiba, Brazil) and
otton quantitative ﬁlter paper (MN  640 m)  was obtained from
acherey–Nagel (Germany).ience 277 (2013) 111– 120
2.2. Films preparation
The multilayer (CP/TiO2)n and (CP/TiO2)n/HPW ﬁlms were pre-
pared using the versatile LbL assembly technique employing a
disc elevator MA-765 Marconi (Piracicaba, SP, Brazil). The general
procedure for all ﬁlm preparations was to prepare a 0.1% (unless
otherwise speciﬁed) suspension of TiO2 and 0.1% suspension of CP
separately, followed by sonication in an ultrasonic bath for 1 h at
room temperature. Only the supernatant layer of CP was  used for
ﬁlms preparation. The HPW solution was  prepared by adding the
weighed amount of HPW to an aqueous solution already adjusted
to pH ∼ 1 with HClO4 to avoid decomposition of the polyanion into
its lacunary compounds [25]. The substrates (quartz, glass plate,
Si wafers) were cleaned before use by immersing in Piranha solu-
tion (2:1 mixture of H2SO4 and H2O2) and heating at 90 ◦C for
1.5 h followed by rinsing with copious amount of distilled water
and drying in a stream of nitrogen. The whole ﬁlm formation pro-
cess consisted of (i) surface modiﬁcation of the substrate and (ii)
formation of the ﬁlms on modiﬁed surface. Surface modiﬁcation
step consisted of two  immersions, of 2 min  each, of the substrate
in CP suspension. The onward ﬁlm formation procedure consisted
of a sequence of immersion steps of the CP-modiﬁed substrates in
(a) TiO2 suspensions for 2 min  and (b) CP suspension for 10 s, and
the cycle repeated n-times to obtain multilayers (CP/TiO2)n ﬁlms.
Finally a single immersion of the (CP/TiO2)n ﬁlms in HPW solution
(40 mM,  unless otherwise speciﬁed) was carried out to complete
the ﬁlm formation. The photochromic CP/HPW and CP/HPW/TiO2
ﬁlms formed on bacterial cellulose (BC), and discussed in Section
4, were prepared by two  immersion of BC in CP, followed by one
immersion of 2 min  in HPW solution and one immersion in 0.05%
TiO2 suspension. In all cases, the immersion and withdrawal speed
of the disc elevator was  adjusted to 150 mm min−1 and a drying
interval of 90 s was  used between each two  immersions in TiO2.
2.3. Characterisation techniques
UV/Vis Spectra of the ﬁlms on quartz plates (UQG Optics, UK)
were obtained using HP 8452A diode array single beam spec-
trophotometer (Hewlett Packard, USA). Absorption FTIR spectra
in the range 400–4000 cm−1 at a spectral resolution of 4 cm−1
were acquired for the ﬁlms on Si windows (UQG Optics, UK)  with
an MB-102 (Bomem, Canada) spectrometer. Raman spectra of the
ﬁlms formed on cotton quantitative ﬁlter paper and BC were col-
lected with a LabRAM HR 800 model Raman Spectrophotometer
(Horiba Jobin Yvon) equipped with a camera and CCD detector
(model DU420A-OE-325) and using a He–Ne laser (632.81 nm).
The spectra were taken between 100 and 4000 cm−1 with acqui-
sition time of 300 s, 3 cycles and slit size of 100 m.  SEM images
were obtained using JEOL JSM-6701F Scanning Electron Micro-
scope equipped with ﬁeld emission gun (FEG-SEM) and ZEISS LEO
440 (Cambridge, England) Scanning Electron Microscope equipped
with a tungsten ﬁlaments and SE Detector (model 7060, Oxford).
For HRTEM study, ﬁlms were formed by immersing the carbon-
coated copper grid (CFC-200Cu, Electron Microscopy Sciences, USA)
in respective suspensions. HRTEM images were obtained using
a JEOL (JEM2100) transmission electron microscope operated at
an accelerating voltage of 200 kV and equipped with a LaB6 elec-
tron gun and an Energy-Dispersive X-ray (EDX) detector. The TEM
image analysis was performed using the Gatan’s Digital micrograph
image processing programme. X-ray photoelectron spectroscopy
(XPS) data were collected using a non-monochromatic Al K source
(1486.6 eV) XR50, Specs GmbH and a hemispherical electron energy
analyzer PHOIBOS 100, Specs GmbH operating at 40 eV pass energy
for survey spectra and 20 eV for narrow scans. A two-point calibra-
tion of the energy scale was performed using sputtered cleaned gold
(Au 4f7/2, binding energy (BE) = 84.00 eV) and copper (Cu 2p3/2,
ace Science 277 (2013) 111– 120 113
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Fig. 1. Comparison of the amount of TiO2 adsorbed onto quartz plates from a 0.05%S. Ullah et al. / Applied Surf
E = 932.67 eV) samples; the photoelectron take-off angle was 90◦.
ample ﬁlms were prepared by dip-coating on single crystal sili-
on as mentioned in Section 2.2. The charge correction was made
ith respect to Si2p line at 99.15 eV. Spectra ﬁtting was  performed
sing XPSPeak 4.1 (http://www.uksaf.org/software.html#1) using
 Shirley type background and a product of Gaussian and Lorentzian
unctions for the peaks. Quantitative analysis was performed taking
nto account the Scofﬁeld cross sections for each element.
.4. Photocatalytic experiments
The photocatalytic activity of the (CP/TiO2)n and
CP/TiO2)n/HPW ﬁlms formed on different substrates was  tested
y measurement of the area under the absorbance peaks of stearic
cid (SA), crystal violet (CV) and methylene blue (MB) after each
rradiation step with ultraviolet (UV) light in the presence of the
hotoactive ﬁlms. To estimate the direct photolysis, a control
xperiment was run in each case, by exposing the target species
MB, CV and SA) directly to UV light and recording the change in
rea/absorbance of their respective peaks in absence of photoactive
lms.
The UV radiation was delivered by 16S Solar Light Simulator
Solar Light Co., USA) with an automatic shutter and internal ﬁl-
er was used in conjunction with a PMA2100 radiometer equipped
ith PMA  2110 UVA and PMA  2106 UVB detectors. The Solar
ight Simulator delivers a maximum power of 150 W;  the lamp-to-
ample distance was around 7 cm in case of CV and MB  and 11 cm in
ase of SA photodegradation; the UV-spot size was  around 1.0 cm
n case of CV and MB  and 1.5 cm in case of SA.
.4.1. Photodegradation of stearic acid
To study the photocatalytic degradation of SA by the hybrid
lms, 10 L of 30 mM solution of SA in ethanol was  applied as a thin
ayer on the surface of the photoactive CP/TiO2 and CP/TiO2/HPW
lms prepared on silicon wafer and left to dry for 2 h. FTIR spec-
ra were recorded before and after UV irradiation doses to monitor
he change in absorbance and hence peak area of the SA absorp-
ion peaks (2800–3000 cm−1) assigned to stretching mode of the
H3 and CH2 groups. Unlike CV, the stearic acid over-layer was
rradiated directly from the front.
.4.2. Photodegradation of crystal violet
The photocatalytic tests were performed by spreading 5 L of
.1% CV in order to form a layer on only one of the two surfaces
f the hybrid ﬁlms (HF) on quartz. Then UV/vis absorption spectra
f the ﬁlm/CV assembly were taken before and after UV irradia-
ion doses (total UV dose ∼12.6 J cm−2 = 30 min). To minimize the
ossibility of direct photolysis of CV by UV irradiation, the sam-
le ﬁlms were irradiated from the backside onto the face uncoated
ith CV, allowing the UV to pass through the ﬁlm before reaching
he CV layer (scheme S1 in supplementary information). The pho-
oactivity of the ﬁlms was evaluated by monitoring the decrease in
bsorbance (peak area) of the CV band (460–800 nm).
.4.3. Photodegradation of methylene blue
3 mL  of 5 ppm solution of MB  was placed in a quartz cuvette and
he ﬁlms formed on BC and/or quartz were immersed in this solu-
ion and UV/vis spectra were taken before immersion, after 5 min
f immersion and after various irradiation doses.
.5. Photochromism experimental set-upThe photochromic response of the CP/HPW and CP/HPW/TiO2
lms formed on bacterial cellulose (BC) was measured as function
f UV irradiation delivered by the 16S Solar Light Simulator already
escribed in Section 2.4. The absorbance of the ﬁlms at max for theTiO2 suspension, as measured by an increase in TiO2 absorbance, when no poly-
electrolyte is used () when PDDAC is used () and when CP is used () as binder
between surface of the substrate and TiO2 NPs and between TiO2 layers.
reduced blue form of HPW was measured as function of irradiation
time to evaluate the photochromic behaviour of HPW in presence
and absence of TiO2. The UV lamp was placed close to the spec-
trophotometer and electronic spectra taken without any signiﬁcant
time delay to ensure precise measurement without any signiﬁcant
leaching of blue colour of the reduced HPW.
3. Results and discussion
3.1. Monitoring of the ﬁlm formation by electronic spectroscopy
UV/vis spectroscopy was  used to monitor the ﬁlm growth on
quartz in presence of CP and PDDAC each. The absorbance due to
O2− → Ti4+ (O2p → Ti3d) ligand-to-metal charge transfer band of
TiO2 at around 330 nm [26,27] increases almost linearly with the
deposition cycles which is characteristic for a regular growth of
the ﬁlms (Fig. 1). The complete UV/vis spectra of the correspond-
ing (PDDAC/TiO2)16 and (CP/TiO2)16 ﬁlms are shown in Fig. S1. It
can be noted from Fig. 1 that the increase in absorbance of TiO2 at
around 330 nm and hence the amount of TiO2 adsorbed into the
multilayer ﬁlms per deposition cycle is far greater when CP is used
as a binder.
The better adsorption of TiO2 by CP in LbL ﬁlms suggests higher
afﬁnity of CP for TiO2 and hence its better binder ability, possibly
because of H-bond interaction between TiO2 and CP [28] or Ti–O–P
bond formation. Moreover, Cellulose phosphate has higher adsorp-
tion afﬁnity for the Pearson’s “hard acid” sites on TiO2 surface (Ti4+)
because of the presence of the hard base, PO43− group [29].
3.2. Monitoring of the ﬁlms formation by Infrared absorption
spectroscopy
Since HPW shows four distinct vibrational modes in IR region,
FTIR absorption spectroscopy was used to monitor the ﬁlm growth
and interaction between ﬁlm components, especially TiO2 and
HPW. Upon immersion of the substrate in TiO2 suspension, a broad
band appears between 870 and 670 cm−1 (Fig. 2A). This absorp-
tion band, which increases with the number of deposition cycles,
can be assigned to the stretching modes of Ti–O and Ti–O–Ti
groups in the TiO6 octahedral of the TiO2 structure where the Ti–O
mode (768 cm−1) is observed as a shoulder on the Ti–O–Ti mode
[30,31].
The presence of HPW characteristic bands in the FTIR spec-
tra at 1076, 978, 911 and 800 cm−1 correspond to P Oa, W Od,
114 S. Ullah et al. / Applied Surface Sc
Fig. 2. (A) Infrared absorption spectra of hybrid (CP/TiO2)10 ﬁlm on silicon wafer as
a  function of CP/TiO2 bilayers deposition and with HPW adsorbed as a last upper
layer, (B) bare HPW layer (no CP or TiO2 present) deposited on silicon wafer from
HPW solution containing HClO4 to adjust pH ∼ 1 (dashed line) and CP/TiO2/HPW
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show some degree of polydispersity. An analysis of histogram (Fig.
S4) of TiO2 NPs showed that the average particle size of TiO2 NPsybrid ﬁlm (solid line).
 Ob W,  W Oc W vibrational modes in the Keggin structure,
espectively. Thus, it conﬁrms HPW adsorption on the CP/TiO2 mul-
ilayer ﬁlms and preservation of the Keggin structure in the hybrid
lms [32]. Since free ClO4− shows anti-symmetric stretching mode
as(Cl O) at 1092 cm−1, the shoulder of the PO4 band at 1076 cm−1
n the hybrid ﬁlms was assigned to the presence of adsorbed ClO4−
33]. Despite similar, the band positions for the bare HPW and the
ne in the CP/TiO2 ﬁlms are not the same; the W Ob W mode
n the hybrid ﬁlm is blue-shifted by about 24 cm−1 and the W Od
s broadened (Fig. 2B). Both features can be interpreted as due to
he interaction of the [PW12O40]3− unit with the TiO2 surface as
uggested by Pearson et al. [34] or to the interaction with phos-
hate groups in CP. To verify this, we compared the spectra of the
are HPW ﬁlm on silicon wafer, HPW on CP-modiﬁed Silicon wafer,
PW on TiO2 ﬁlm without CP, and HPW in the CP/TiO2 multilayer
lm (Fig. S2). From Fig. S2, it becomes clear that the upward shift in
he W Ob W mode is only observed when TiO2 is present. These
esults conﬁrmed that the phosphotungstate is interacting with the
itania through oxygen atom (W Ob W)  at the corner of Keggin
tructure and this interaction is further explored using XPS analysis
iscussed later in the text.ience 277 (2013) 111– 120
3.3. Characterization of the hybrid ﬁlms on cellulose substrates
by Raman spectroscopy
Infrared spectroscopy of the hybrid ﬁlms in cellulose substrates
is complicated due to strong absorption by the cellulose functional
groups which overlap with the inorganic absorption bands from
TiO2. On the other hand, Raman Spectroscopy is more sensitive to
TiO2 vibrational modes than to the cellulose vibrational modes;
therefore, it was  used to conﬁrm the phase identity and anchor-
ing of TiO2 NPs onto cotton ﬁbres in the hybrid ﬁlms formed on
cellulose. A comparison of the Raman spectra of the pure and ﬁlm-
modiﬁed cellulose ﬁbers (Fig. S3) shows that new bands arise at
143, 196 and 640 cm−1 in spectrum of the modiﬁed ﬁbers all of
which are assigned to anatase TiO2 [35–38]. Raman spectroscopy
is thus helpful in conﬁrming the anchoring and identifying the
phase of TiO2 NPs onto cellulose ﬁbres at the outset of the exper-
iment before switching to the more sophisticated SEM and TEM
techniques.
3.4. Physical surface characterization of the ﬁlms
SEM, FEG/SEM and HRTEM studies of the ﬁlms formed on dif-
ferent substrates (single crystal Si (1 1 1), glass, quartz, quantitative
cellulose ﬁlter paper, and bacterial cellulose) were carried out to
get information on the morphology, nanostructure, particle size
distribution and the interface between TiO2 and HPW.
3.4.1. SEM and FEG-SEM studies of the ﬁlms
The surface microstructure of the multilayer thin ﬁlms
deposited on different substrates was  investigated by SEM and
FEG-SEM.
Fig. 3A and B shows the SEM image of the pure and TiO2-
modiﬁed ﬁbres of ﬁlter paper cellulose, respectively. It can be seen
that the ﬁbres of ﬁlter paper cellulose are larger than those of BC
(Fig. 3C) and TiO2 NPs form a uniform thin layer on cellulose ﬁbres
indicated with arrows. Though there is some aggregation of TiO2
NPs, the presence of CP layer on the surface results in more uniform
distribution of TiO2 NPs as shown by Ti X-ray mapping in the pres-
ence and absence of CP in cellulose/TiO2 ﬁlms (Fig. 4). The FEG/SEM
image of pure BC (Fig. 3C) shows a network of densely packed nano-
metric ﬁbres which, because of their high surface area and porous
structure, can be used a suitable template for incorporation of TiO2
NPs [39]. Fig. 3D presents an FEG/SEM low magniﬁcation image of
the uniformly distributed CP/TiO2 ﬁlms formed on BC. There is some
agglomeration of TiO2 NPs due to the cavities and non-planar sur-
face of BC membrane. The high magniﬁcation image (Fig. 3F) shows
that TiO2 particles of around 56 nm average size are adsorbed onto
the surface of BC microﬁbrils. The multilayers deposition seems
to result in a vertical growth of the ﬁlm and agglomeration of
NPs (Fig. 3E). A similar growth pattern can be observed in TiO2/CP
ﬁlms deposited on single crystal silicon (Fig. 5C and D).  This feature
results in the formation of highly porous ﬁlms which can offer high
accessibility to foreign particles, pollutants and microorganisms.
The (CP/TiO2)n ﬁlms formed on quartz also exhibit good distri-
bution of TiO2 NPs (Fig. 5). The SEM analysis thus point out CP as
a good dispersant of TiO2 NPs to form porous uniform ﬁlms on a
variety of substrates.
3.4.2. TEM and HRTEM study of the ﬁlms
Fig. 6 shows the TEM images of the CP/TiO2 (A) and CP/TiO2/HPW
(B) ﬁlms. It can be seen that TiO2 NPs are spherical in shape andin CP/TiO2 ﬁlms is around 50 nm and this particle size of TiO2 NPs
is preserved in the ﬁlms containing HPW. HPW particles in these
S. Ullah et al. / Applied Surface Science 277 (2013) 111– 120 115
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fig. 3. SEM images of unmodiﬁed ﬁbers of cellulose ﬁlter paper (A) and after forma
f  CP/TiO2 ﬁlm on BC in low (D) and high magniﬁcation (E and F).
lms have a bimodal size distribution, the larger particles being
50–200 nm and the smaller ones are around 32 nm in diameters.
In order to differentiate between TiO2 and HPW particles and
ake the histograms, we carried out nano-EDS analysis, with elec-
ron beam focused in the form of a spot of about 15 ± 3 nm diameter,
f a sufﬁciently large number of particles in a transmission electron
icroscope equipped with an EDX spectrometer. The EDS analysis
howed that perfectly round smooth particles are those of TiO2
hile the roundish particles with irregular edges are those of HPW
Fig. 7).
The HRTEM images of the sample showed that the ﬁlms consist
f crystalline TiO2 in both anatase and rutile phase (Figs. 6C and 8)
hile HPW shows poly-nano-crystalline behaviour, i.e. crystallites
f a few nanometers randomly ordered (Fig. 6D). The interplanar
istances (IPDs) on the HRTEM images of TiO2 and HPW were mea-
ured and compared with data from Inorganic Crystal Structure
atabase (ICSD) [Rutile: collection code 51930; Anatase: collec-
ion code 154609; HPW collection code 904]. The measured values
±0.03) of IPDS are 3.5, 2.35, 2.42 A˚ which correspond to (1 0 1),
0 0 4) and (1 0 3) planes of anatase [40] while the IPDs values
±0.03) of 2.30 and 2.07 A˚ correspond to the (2 0 0) and (2 1 0)
lane of rutile phase [41]. The IPDs values (±0.03) encountered
or HPW are 3.63, 3.77, 4.13, 4.46 and 5.1 A˚ which corresponds tof CP/TiO2 ﬁlm (B), FEG/SEM image of original BC membrane (C) and after formation
the h k l values of (2 2 2), (3 1 1), (2 2 1), (2 2 0) and (2 1 1), respec-
tively [42]. The bright ﬁeld (BF) and dark ﬁeld (DF) TEM images
of the particles aggregates in the ﬁlms are shown in Fig. 6E and
F, respectively. These images were obtained by ﬁltering only the
electrons diffracted by (1 0 1) family of planes of TiO2-anatase and
(2 2 2) and (3 1 1) families of HPW. These TEM images show that
most of the HPW and TiO2 particles exist together in proper con-
tact in these ﬁlms, which also support the conclusion from FTIR
analysis on interaction between HPW and TiO2 (Figs. 2B and S2).
The relatively large dark particles in (Fig. 6E) are of HPW, which are
seen as diffusely bright in DF mode (Fig. 6F).
This is interesting to note as the brightness identiﬁes the type
of particle. Being crystalline, the TiO2 NPs shine intensely brighter
when viewed in the dark ﬁled mode, whereas, HPW is neither com-
pletely crystalline nor completely amorphous; the form and type of
brightness of HPW shows that it is composed of small nano-crystals
co-existing with its amorphous form.
A detailed analysis of the interface between TiO2 and HPW
particles based on the HRTEM images showed that interface is semi-
crystalline and is constituted by crystalline anatase and rutile phase
of TiO2 and poly-nano-crystalline HPW and small crystallites of
HPW can be seen to grow as we  go from interface towards the HPW
(Figs. 8 and S5).
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Fig. 4. Representative SEM images of TiO2 modiﬁed-ﬁbres (A and C) and the corresponding Ti X-ray mapping in the presence (B) and absence (D) of CP in ﬁlter paper
cellulose/TiO2 ﬁlms; more agglomeration of TiO2 NPs indicated with an arrow occurs in absence of CP (D).
Fig. 5. SEM image of (CP/TiO2)10 ﬁlm on quartz in low (A) and relatively high (B) magniﬁcation; FEG/SEM images of CP/TiO2 ﬁlm formed on single crystal silicon in low (C)
and  high (D) magniﬁcations.
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Fig. 6. TEM image of TiO2 NPs (A), TiO2 NPs and HPW particles in TiO2/HPW ﬁlm (B); HRTEM image of TiO2 (C) and HPW (D) particles; Bright Field (E) and dark ﬁeld (F)
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(mage  showing the presence of and differentiating TiO2 and HPW particles in TiO2/
.5. Chemical surface characterization of CP/TiO2/HPW ﬁlms by
-ray photoelectron spectroscopy
The survey spectra of the ﬁlms containing only CP, CP/TiO2 and
P/TiO2/HPW ﬁlms are shown in Fig. S6. The XPS spectrum of CP
lms show the C1s, P2p  and O1s  XPS peaks at their characteristic
E values as identiﬁed in Fig. S6. The Si peaks are due to the support
sed. Ti2p and W5d peaks arise when TiO2 and HPW are introduced
nto the ﬁlms.
The high resolution Ti2p XP spectra exhibit the Ti2p3/2 peak at
58.4 eV for the CP/TiO2 ﬁlm (A) and 458.8 eV for the CP/TiO2/HPW
lm (B) as shown in Fig. S7. Since pure anatase TiO2 has Ti2p3/2
eak at BE of 458.1 eV, the Ti2p3/2 peak at 458.4 eV in (A) is assigned
o the octahedrally coordinated Ti bound to CP, i.e. to the P–O–Ti
inkage [43]. The 0.4 eV shift in the BE of Ti2p3/2 peak in going from
P/TiO2 ﬁlm to CP/TiO2/HPW ﬁlm indicates the interaction of HPW
ith CP/TiO2 component of the ﬁlm, in accordance with the data
rom FTIR analysis (Fig. 2B). However, almost no change is observed
n O1s BE of TiO2 in presence of HPW (Fig. 9).
The possible reason for this interaction may  be explained as
ollows. Upon immersion of CP/TiO2 ﬁlm in the acidic HPW solu-
ion (pH ∼ 1), the titania surface gets positively charged, which
eads to an increase in BE of Ti2p peak. The positively charged
itania electrostatically attracts the heteropolyanion [PW12O40]−3
owards itself, leading to TiO2–HPW interaction [44], while leav-
ng no net effect on electron density around O atom of TiO2 since
his interaction, as well as a transfer of electron density from Ti
o O, counterbalance the decrease electron density around O atom
aused by protonation of titania (see Scheme 1). Thus we  observe
nly a shift in Ti2p peak of titania and no change in O1s of Titania
Fig. 9).lms.
The O1s spectra of CP ﬁlm (A) shows a small intensity peak at
lower BE side at around 530.9 eV which is close to BE of Na2HPO4
(531.0 eV) and hence could be assigned to the O1s of PO4 unit of
CP [45]. The main O1s peak of high intensity at around 532.3 eV is
assigned to the O of cellulose unit [46,47]. The O1s peak at around
533.1 eV is assigned to the O of SiOx species resulting from surface
oxidation of Silicon substrate [48]. This peak decreases in inten-
sity as TiO2 and HPW layers are deposited on the substrate. In the
XPS spectra of sample (B), in addition to the O1s of cellulose and
SiOx, a peak at 529.9 eV arises which is assigned to the O of the
Ti–O–P bond of Titania–CP species [43]. This peak also decreases in
intensity when HPW is deposited on surface of CP/TiO2 ﬁlm. Simi-
larly, the O1s XP spectrum of CP/TiO2/HPW ﬁlm (C) can be resolved
into 4 components, the new component that arise at 530.7 eV, in
addition to those mentioned in (B), is due to O bound to W6+ of
HPW [49] since the same value is observed for the [NH4]10[W12O41]
species [50] and H2WO4 [51] both of which has the O atom bound
to hexavalent W6+ atom.
4. Photochromism of the CP/HPW/TiO2 ﬁlms
The HPW in these hybrid ﬁlms formed on BC shows a quick
response to UV irradiation and is photoreduced to form the blue
coloured species which absorbs at around 480 nm (d–d transi-
tion) and 700 nm (intervalence charge transfer, IVCT) [17,20]. Two
important things can be noted when TiO2 is introduced into the
BC/HPW ﬁlm: Firstly, the absorbance and hence photochromic
response of CP/HPW ﬁlm is enhanced by about 35% in presence
of TiO2 (Fig. 10); secondly, the max corresponding to IVCT is blue-
shifted from 722 nm to 678 nm (Fig. S8).
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Fig. 7. EDS analysis of the selected particles aggregates shown as inset to identify
t
b
p
[
(Fig. 11). It was noted that a concentration of HPW higher than
F
V
Their chemical identity. EDS spectrum of central round particle (marked A) is shown
elow, while EDS spectrum of rough-edged particle (marked B) is shown above.This increase in absorbance can be attributed to a transfer of
hoto-excited electron from the conduction bands of TiO2 to HPW
20–22,52] thus leading to efﬁcient reduction of HPW to its reduced
ig. 8. HRTEM images showing the details of the interface between TiO2 and HPW particl
-shaped inter-junction (A) and mid-region of the interface (B). The measured inter-plan
he  interface is semi-crystalline and consists of crystalline anatase and rutile phases of TiFig. 9. O1s XP spectra of CP layer (A), CP/TiO2 (B) and CP/TiO2/HPW (B) ﬁlms formed
on  silicon.
blue form which absorbs visible light. The blue-shift of max in pres-
ence of TiO2 can be explained based on the fact that TiO2 assists the
two electron photoreduction of HPW [17].
5. Photocatalytic test
The CP/TiO2 ﬁlms with and without HPW showed good photoac-
tivity against SA as measured by a sharp decrease in area of C H
stretching band of SA (Fig. S9). About 95% degradation of SA over-
layer was observed within 12 min  of UV irradiation (total dose of
5.0 J cm−2). The introduction of HPW into the CP/TiO2 ﬁlms did not
result in any signiﬁcant increase in photoactivity of CP/TiO2 ﬁlms1 mM leads to a decrease in photoactivity of CP/TiO2 ﬁlm.
It was inferred from Fig. 10 that as transfer of electron from TiO2
to HPW results in an increase in photochromism, one should expect
e (shown as inset in A); HRTEM image of the edges of TiO2 and HPW particle at the
ar distances corresponding to the (1 0 3) plane of anatase and (2 1 0) plane of rutile.
O2 and poly-nano-crystalline HPW.
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Scheme 1. Possible inter
 low rate of electron–hole (e−–h+) recombination and increased
hotoactivity of TiO2 [21,52]. We  suggest that a possible decrease
n exposed surface area of TiO2 due to HPW deposited as a last
ayer on CP/TiO2 ﬁlms counteracts the effect of decrease in the
ate of e−–h+ recombination and no net increase in photoactivity
s seen. A decrease in e−–h+ recombination and increase in surface
rea of photocatalyst are thus essentials for increase in photoac-
ivity. On the other hand, since photochromism is a bulk property
nd does not depend on surface properties, only electron transfer
rom TiO2 to HPW is sufﬁcient to increase the photochromism of
PW.
ig. 10. Comparison of the photochromic response of CP/HPW ﬁlm with and without
iO2.
ig. 11. Decrease in area of C H stretching bands (2800–3000 cm−1) of SA with
ime  under UV irradiation in presence of CP/TiO2 () and CP/TiO2/HPW () ﬁlms
[HPW] = 1 mM)  and in absence of any photocatalytic ﬁlm () for a total irradiation
ime of 12 min  (UV dose = 5.0 J cm−2); direct photolysis (DP) of SA in absence of
hotocatalyst is almost negligible under experimental condition. Each point in the
urve is an avergae of 3 independent measurements and the bars indicate standar
eviation.OH2
 between TiO2 and HPW.
The CP/TiO2 ﬁlms formed on bacterial cellulose (BC) also showed
good photoactivity under UV-illumination. About 50% of the MB
was photodegraded within 30 min  of irradiation (total UV dose
∼15 J cm−2) in the presence of BC/CP/TiO2 ﬁlms (Fig. S10). The same
ﬁlms formed on quartz also exhibited good photoactivity against
MB (data not shown). The CP/TiO2 and CP/TiO2/HPW ﬁlms exhib-
ited good photodegradation of CV, but the introduction of HPW in
the CP/TiO2 ﬁlms caused a decrease in CV photodegradation due
to protonation of CV by the HPW since CV turned violet-to-yellow
upon contact with HPW in the ﬁlms [53] (Fig. S11). The CP/TiO2
ﬁlms degraded about 95% of CV within 30 min  of UV irradiation
whereas the direct photolysis of the CV layer by UV was  only 3% for
the same irradiation time (Figs. S11 and S12).
6. Conclusion
The results discussed above indicate that well-dispersed and
uniformly distributed ﬁlms of TiO2 and TiO2/HPW can be formed
on a variety of substrates at room temperature by the simple
dip-coating method employing cellulose phosphate (CP) as a non-
conventional polyelectrolyte. CP has greater afﬁnity for TiO2 due
to formation of Ti–O–P linkages between TiO2 and CP. The inter-
action between TiO2 and HPW in these hybrid ﬁlms is through
oxygen atom at the corner of HPW which arise from a combined
electrostatic and H-bonding effect. The TiO2 in the hybrid ﬁlms is
composed of crystalline anatase and rutile phases while HPW in
these ﬁlms shows poly-nano-crystalline behaviour. The CP/TiO2
ﬁlms formed on glass, quartz and BC showed good photoactivity
while the CP/HPW/TiO2 ﬁlms formed on BC show enhanced pho-
tochromic behaviour. The combined used of TiO2 and HPW in these
ﬁlm lead to an increase in photochromism of HPW but a higher con-
centration of HPW in the ﬁlms suppress the photoactivity of TiO2,
possibly due a decrease in surface area of TiO2. The method is sim-
ple, economic and environmentally safe and gives more practicality
and versatility to the use of TiO2 and HPW in various applications
such as photocatalysis, photochromism as well as self-cleaning
devices.
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